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Abstract 
 

Mesodyn simulation is employed in this research to investigate the influences of temperature on the solubilization of 
menthol by platycodin D. The results show that the crucial factor on the speed of solubilization of menthol is the time for 
micellization of platycodin D. Increase in temperature is not conducive to the micellization of platycodin D, but it may 
have a positive effect on the diffusion of menthol into platycodin D micelles. Considering both the speed and efficiency 
of the solubilization of menthol by platycodin D, there exists an optimum temperature for the preparation process. This 
work offers abundant information at the mesoscopic level and may serve as guidance for the solubilization of volatile oil 
in medicine preparation. 
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1. Introduction 
 
Many Chinese herbs are rich in volatile oil component, 
which is insoluble in water and has a strong volatility. This 
will not only lead to the low bioavailability of these 
components and stability problems of preparations but also 
restrict the development of new formulations.[1] Therefore, 
it is of great significance to explore how to improve and 
enhance the stability of volatile oil and bioavailability with 
the purpose of guaranteeing and improving the quality of 
volatile oil preparations. Saponins, a kind of plant based 
biosurfactant, which possess both surfactant properties and 
biological activities,[2-4] can increase the solubility of some 
hydrophobic components. The solubilization performance is 
associated with the physicochemical properties of saponin 
and solubilizer.[2,5-7]  
 Yinqiao Powder, a Traditional Chinese Medicine (TCM) 
prescription composed of Platycodon grandiflorum, Mentha 
haplocalyx and so on, is widely used for treating acute 
tonsillitis, faucitis, pneumonia and epidemic hemorrhagic 
fever.[8] The main active ingredients of them are platycodin 
and mint oil respectively, especially platycodin D (PD) and 
menthol (M).[9-11] It’s reported that platycodin can increase 
the solubility of mint oil efficiently because of its 
micellization in aqueous solutions during the preparation 
process.[12] However, the micelle formation usually 
accomplishes in milliseconds. It is difficult to study 
solubilization process by common experimental methods. 
Furthermore, the solubilization of mint oil is strongly 
influenced by temperature,[13] but the related research is 
few and within a narrow temperature range. This is mainly 

because that this kind of research is time-consuming and 
hard to operate with extreme experiment conditions.  
Mesoscopic simulation has emerged as a powerful tool in the 
study of microstructures. It not only complements 
experimental work effectively with wide parameters, but 
also offers guidance for future experimental research. 
MesoDyn has been widely used in the investigation of the 
phase behaviors, such as phase separation and micelle  
growth kinetics.[14,15] And it also performs well in 
exploring the influence of temperature on changes of micelle 
morphology.[16] Thus, it may provide a deeper 
understanding for the solubilization of mint oil by 
platycodin.  
 In this work, we firstly determined the critical 
aggregation concentration (CAC) of M and the critical 
micelle concentration (CMC) of PD in aqueous solution, and 
then we investigated the solubilization process of M by PD. 
The effects of temperature that closely related to the process 
of preparation were also studied by MesoDyn simulation to 
provide mesoscale information for further study on the 
solubilization mechanism and to offer guidance to improve 
the efficiency of experiments. 
 
 
2. Method, model, parameters and simulation conditions 
 
The basic idea of MesoDyn simulation is the density 
functional theory. It states that the Helmholtz free energy F 
of an inhomogeneous liquid is a function of the local density 
function ρ. All thermodynamic functions can be derived 
from it.[17-20] The model used in the MesoDyn method 
consists of beads of various types. Each bead is a specific 
component type representing covalently bonded groups of 
atoms. The interactions between beads can be described by 
harmonic oscillator potentials for the intramolecular 
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interactions (Gaussian chain) and a mean field potential for 
all other interactions.[21]   
 The components being used in this simulation comprise 
of PD, M and water. The coarse-grained models are shown 
in Fig.1. PD is divided into three types of particles (A, B, 
and G) according to the polarity of the group they represent. 
M is represented by bead M and water is represented by 
bead W. 
 The MesoDyn input parameter ijλ  is related to the effect 
Flory–Huggins parameters via ij ijRTλ χ= , where ijχ  can be 
derived from the solubility parameters δ, which can be 
calculated by Amorphous Cell and Discover modules in 
Materials Studio 4.1 (Accelrys Inc.). The interaction 
parameters used in the simulation are given in Table 1. 
 Considering the simulation quality and computation 
efficiency, the simulations were performed in a 32×32×32 
cubic box with periodic boundary condition. Time step is 
10.0ns, number of steps is 100,000 (1.0ms). The grid 
spacing of 1.0nm was taken for the simulation. To ensure 
isotropy of all grid-restricted operators, the bond length is 
set to be 1.1543nm.[18,22] Bead diffusion coefficient is set 
to be 1.0×10-7cm2·s-1 in order to ensure a stable numerical 
algorithm. Noise parameter is taken to be 75.002. 
 

 
Fig. 1. Coarse-grained models. (a) PD; (b) M; (c) water. 
 
 
Table.1 Interaction parameters λij used in MesoDyn simulations (unit: 
KJ/mol) 

 W G A B M 
W 0     
G 12.1 0    
A 33.4 5.6 0   
B 52.4 23.3 7.7 0  
M 69.4 26.1 7.8 0.1 0 

 
 
3. Results and Discussion 
 
3.1 Determination on CAC of M and CMC of PD in 
aqueous solution 
In Mesodyn simulation, the isodensity surface and density 
profile reveal the structure features and order parameter 
captures the effects of phase separation. Order parameters 
with large values indicate strong phase segregation. [23,24]. 
We set temperature at 298K in this section. As showed in 
Fig.2, the CAC of M was 1.0vol%, M began to segregate 
from water and form into a spherical aggregation at this 
concentration. It indicates that M is hard-to-dissolve and 
need to be encapsulated by solubilizer in aqueous solution. 
As biosurfactants, PD will form into micelles over critical 
micelle concentration (CMC) in aqueous solutions and the 
micelles can be used to load hydrophobic components. For 
brevity and clarity, we chose the order parameter of bead G 
to represent the phase segregation of PD in this simulation 

study. According to the simulation result, the CMC of PD 
was 0.3vol% as showed in Fig.3. It states that PD can 
function as solubilizer at low concentration. It is profitable 
for the preparation in terms of the economic aspect 
 

 
Fig. 2 Determination on the CAC of M in aqueous solution. Red line: 
order parameter of M in 0.9vol% M/water system; blue dot line: order 
parameter of M in 1.0vol% M/water system. Pictures presented here are 
isodensity surfaces of M at equilibrium state for the two systems 
respectively. Section view is the density profile of M in M aggregate. 
 
 

 
Fig.3 Determination on the CMC of PD in aqueous solution. Red line; 
order parameter of G in 0.2vol% PD/water system; blue dot line: order 
parameter of G in 0.3vol% PD/water system. Pictures presented here are 
isodensity surfaces of G at equilibrium state for the two systems 
respectively. Section view is the density profile of G in PD micelle, 
which illustrates that the beads G of PD form into the hydrophilic shell 
of the micelle 
 
 
3.2 Dynamic solubilization process of M by PD 
The dynamic solubilization process of M by PD was 
observed in 1vol%/3vol% M/PD/water system at 298K. 
(Fig.4). The order parameters indicated that the 
solubilization process could be divided into four stages 
(Fig.4a) and the corresponding morphologies (Fig.4b) were 
showed below. During the first stage (0~100steps), the 
system was in a homogeneous state. In the second stage (101 
~164steps), the order parameters of G took on a rapid 
increase which stated the micellization of PD; while the 
order parameters of M varied little which demonstrated that 
M still dissolved evenly in water. The stage three 
(165~595steps) contained two parts. In part one 
(165~435steps), the order parameters of G decreased, the 
rough micelles formed in the previous stage were repaired; 
the order parameters of M began to increase, M segregated 
from water, part of M diffused into the PD micelles and the 
rest formed into aggregations. In part two (436~595steps), 
the order parameters of G changed little indicated that PD 
micelles reached their equilibrium stage; the order 
parameters of M increased till reached its maximum, M were 
gradually diffused into PD micelles. In the fourth stage 
(595~100,000steps; to express the solubilization process 
clearly, order parameter of only first 1000steps was showed 
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in Fig.4a), the order parameters were largely maintained and 
the system was in a stable state. The site of menthol in PD 
micelle was showed in Fig.4c. 
 

 

 

 
Fig.4 Dynamic solubilization process of M by PD. (a) order parameters 
(b) isodensity surfaces, yellow: isodensity surface of G; blue: isodensity 
surface of M. (c) Section view is the density profile of G and M in M-
loaded PD micelle, which figures out that M is wrapped by the 
hydrophilic shell of PD micelle. 
 
 
3.3 Effect of temperature on the solubilization of M by 
PD 
Temperature is an important factor during the preparation 
process. Taken the 1.0vol% M/water system, 3.0vol% 
PD/water system and 1vol%/3vol% M/PD/water system for 
instance, a comparison study on the solubilization of M by 
PD was carried out at the temperature ranging from 298K to 
373K. The time needed for aggregation, the order parameter 
of equilibrium state and morphologies were investigated. 
Given the structures have been explained in detail above, we 
only showed the isodensity surfaces to represent the 
morphologies here. 
 
3.3.1 Time for aggregation of M, micellization of PD and 
solubilization of M by PD 
Rising temperature has two opposite effects on the 
aggregation behavior of 1.0vol% M/water system. One is the 
weakening of hydration between hydroxyl of M and water, 
it’s the positive effect for M to aggregate; the other is the 
promotion of thermal motion, it’s the negative one [20]. 
From 298K to 343k, time for aggregation of M showed a 
decrease, this may because that the former was much 
pronounced during this temperature range. When 
temperature increased to 358K and 373K, time for 
aggregation of M took on a sharp turn, this may attribute to 
the dominating effect of the latter.  
 Time for micellization of PD increased with temperature 
raising and obviously at high temperature (358K, 373K) in 
3.0vol% PD/water system. That might because that the 
micelle formation was an exothermic hydration process. The 
increased temperature enhanced the thermal motion of PD 
molecules which made the system more difficult to reach 
equilibrium.  
 In1vol%/3vol% M/PD/water system, with temperature 
raised, time for both PD and M to aggregate shared the 
stepped increasing mode. Time for M to aggregate was 

longer than PD’s in the whole temperature range. It 
demonstrated that the solubilization of M by PD followed 
the procedure illustrated in section 3.2. 
 Through comparing the results above, we get following 
conclusions: high temperature is negative for the 
micellization of PD in terms of the speed; time for 
micellization of PD is the deciding factor on the speed of 
solubilization of M and M also has influence on the 
formation speed of PD micelles. Thus, in 1vol%/3vol% 
M/PD/water system, high temperature above 328K is 
negative for micellization, which indicates that the 
temperature of solubilization process of M by PD shouldn’t 
be above 328K. Simulation results for this section were 
showed in Fig.5. 
 

 
Fig.5 Evolution of time for aggregation of M and micellization of PD 
with temperature increasing. 
 
 
3.3.2 Order parameter and morphology of M aggregates 
and PD micelles 
 
In 1.0vol% M/water system, order parameter of M decreased 
a little from 298K to 373K (Fig.6), the morphology changed 
little from 298K to 358K, at 373K, with the water boiled, the 
aggregate of M began to split (Fig.7).  
 In 3.0vol% PD/water system, the order parameter of G 
decreased gradually (Fig.6) and there was an increase in 
number and decrease in volume of PD micelles from 298K 
to 373K (Fig.8). It states that the weakening in phase 
separation and indicates that rise in temperature is not 
beneficial for the formation of PD micelle.  
 In 1vol%/3vol% M/PD/water system, order parameter of 
M varied little from 298K to 313K, part of M diffused into 
PD micelles, the rest aggregated in water solution. At 328K, 
the order parameter decreased sharply and all the M diffused 
into PD micelles. With further growth of temperature, the 
order parameter changed a little and all the M were still 
encapsulated in PD micelles. The order parameter of G in 
1vol%/3vol% M/PD/water system got its maximum at 328K 
and the PD micelle was big and least in number which 
accounted for the strongest phase separation at this 
temperature. (Fig.6, Fig.9).  
 Synthetically considering the simulation results, we may 
conclude that increase in temperature is not conducive to the 
aggregation of M and the micellization of PD, but it may 
have a positive effect on the diffusion of M into PD 
micelles. Taking both the speed and efficiency of the 
solubilization of M into consideration, 328K is the optimum 
temperature in the preparation process for this system. And 
at the highest temperature (373K) in this study, PD micelles 
still have high solubilizing capacity of M.  

 

(a) 

(b) 

(c) 
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Fig.6 Evolution of order parameter of G or M with temperature 
increasing. 
 

 

 
Fig.7 Morphology of M aggregate.  
 
 

 
Fig.8 Morphology of PD micelle. 
 

 
Fig.9 Morphology of M-loaded PD micelle. 
 
 
4. Conclusions 
 
Mesodyn method was adopted in this study, according to the 
simulation results, we got the following conclusions. Firstly, 
PD could function as solubilizer at low concentration and the 
solubilization of M by PD went through a “PD micelles 
formed and M diffused into” process. The determination 
factor on the speed of solubilization of M was the time for 
PD to aggregate. Secondly, increase in temperature was not 
conducive to the micellization of PD, but it may have a 
positive effect on the diffusion of M into PD micelles. 
Considering both the speed and efficiency of the 
solubilization of M in the preparation process, 328K was the 
optimum temperature for this system. This simulation study 
supplemented the solubilizing mechanism at a mesoscopic 
level and achieved to explore the effect of temperature on 
the solubilization of menthol with wide temperature range. It 
may serve as guidance for the solubilization of volatile oil in 
medicine preparation. 
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